warming trend in tropical regions are unknown, and significantly understudied due primarily to the 23 difficulties in specimen and community traceability. In freshwater lakes employed as cooling reservoirs 24 for power plants, increased physiological stress from high water temperature can lead to an increase in 25 mortality, reduce growth and potentially alter the community structure of fishes. Throughout this study, 26 we employ this highly tractable system to assess how elevated thermal regimes can alter the physiology 27 and consequently the ecology of aquatic species. We documented a significantly reduced lifespan, growth 28 performance, and a shift in the age structure towards younger individuals in the thermally-impacted 29 population of bluegill (Lepomis macrochirus) in Coffeen Lake in Illinois, compared to a non-impacted 30 control group (Lake Mattoon). Average age calculated for the Lake Mattoon population was 2.42 years, 31 whereas the average age of bluegill from Coffeen Lake was only 0.96 years. The average specimen mass 32 in Lake Mattoon was more than six times that of Coffeen Lake average (Mattoon = 60.26g; Coffeen = 33 9.42g). During laboratory cross-acclimation studies of bluegill from Lake Mattoon at 17.5 and 35.0°C, 34
Introduction 44
In the face of a changing climate, the adaptive capacity of many species to rising temperature regimes 45 remains unclear. Physiological adaptation to rising habitat temperatures is likely to occur and attenuate 46 the effects on a species' energetics (Hochachka and Somero, 2002) . However, short-term physiological 47 to organisms experiencing suboptimal temperatures such as those organisms inhabiting thermally-95 impacted lakes. The critical thermal maximum (CTM), defined by the temperature where the organism exhibits a loss of 103 equilibrium, obtained for these individuals increased with increasing acclimation temperature, with CTM 104 registered as high as 42.8 °C. As an example of the differences in thermal regimes between cooling 105 reservoirs and natural lakes, the average temperature of a thermally-impacted reservoir in the mid-western 106 US (Coffeen Lake, Donnellson, IL) was 36.67°C, 9.66°C above the average water temperature in non-107 impacted lakes (Lake Mattoon, Mattoon, IL) during the 2012 summer season (Martinez, unpublished) . 108
This observed difference is further amplified during the winter season, which could lead to even more 109 pronounced effects of temperature in the aquatic community. Thus, cooling reservoirs such as Coffeen 110 Lake may serve as useful study systems to judge long-term, cross-generational effects of elevated 111 temperature regimes in aquatic species, including L. macrochirus. 112
The primary goals of this study were two-fold; 1) to employ an integrative framework evaluating the sub-113 lethal effects of warm adaptation of an ubiquitous eurytherm and 2) to evaluate the usefulness of power 114 cooling reservoirs as long-term experiments to judge the consequences of climate change in aquatic 115 species. We hypothesized that due to the prevalence of elevated temperature in thermally-impacted lakes, 116 a reduction on growth performance and longevity will become tradeoffs of surviving this thermal regime. 117
In the present study we found evidence of a severe shift in the community structure and physiology of the 118 bluegill, Lepomis macrochirus, characterized by younger individuals in a population exposed to elevatedbetween a thermally-impacted population of L. macrochirus, compared to a non-impacted control lake. In 121 addition, we address potential physiological and biochemical mechanisms underlying our findings, to 122 provide a mechanistic basis to the differences in growth rates and population structure found in this study. 123
Considering the rapid increase of 1.35°C in marine ecosystems during the past 25 years (Belkin, 2009) Sampling by DC electrofishing was done using a Wisconsin rig, which consisted of dropper electrodes 145 suspended at equal intervals from a horizontal ring (Reynolds, 1996) . All collected L. macrochirus 146 specimens were kept for age determination. During each sampling event, specimens were kept in aerated 147 90 L coolers filled with lake water for transport to the fisheries laboratory at Eastern Illinois University. 148
Upon arrival, 30 specimens were randomly sampled from the pool for thermal acclimation experiments. 149
The remaining specimens were weighed to the nearest 0.01 g, total length (TL) was determined to theSagittal otoliths were excised for aging purposes (Maceina and Betsill, 1987) . Otoliths were removed by 152 disconnecting the operculum and accessing the cranial chamber anteriorly. Whole otoliths were placed in 153 immersion oil and viewed with a stereo microscope under low magnification (7 -40 x) using reflected 154 light (Colombo et al., 2010). Age of fish was estimated by counting the number of annuli (visual growth 155 bands), using two independent readers. Disagreements on ages were corrected by a consensus among the 156 two readers. All procedures were performed in compliance with the Eastern Illinois University 157
Institutional Animal Care and Use Committee (approved protocol #12-002). 158 2.4 Thermal acclimation studies. Individual specimens collected from both Coffeen Lake and Lake 159
Mattoon were acclimated at two thermal regimes to assess the effects of temperature on routine 160 metabolism. To achieve this, 10 -15 individuals from each location were acclimated for a period of 30 161 days to 17.5°C or 30.0°C ± 1.0°C. Acclimation tanks consisted in 114 L glass aquaria (one aquarium at 162 17.5°C, one aquarium at 30.0°C), each connected to a custom biological filtration system to condition the 163 water prior and during acclimation. A split-tank design was employed, where specimens from each 164 population were separated by a screen within each temperature treatment. Water quality parameters were 165 monitored every 48 h, and periodical water changes were performed to reduce waste accumulation. Since 166 a correlation between protein and caloric intakes and O 2 consumption has been reported previously 167 ) were added to the water prior to 187 experimentation to minimize microbial growth. To control for possible oxygen consumption by 188 microorganisms, an individual was removed after selected runs, its volume was replaced with freshwater, 189 and oxygen consumption was again measured for 1 h. In all cases microbial oxygen consumption was 190 negligibly low (< 5%). 191
Data were recorded using a computer-controlled digital data-logging system. Each oxygen probe was 192 scanned once per second, its signal averaged over a period of 1 minute, and then recorded. Data obtained 193 during the first half hour were discarded due to the activity of the fish after its introduction into the 194 chamber. All 1-min average points thereafter, down to an oxygen partial-pressure (P O2 ) of 80 mm Hg, 195
were plotted and a linear regression fitted to produce a routine respiration rate for each individual in mg 196 O 2 hr -1 Kg wet mass -1 . After respirometry trials, specimens were immediately processed for enzyme 197 activity measurements. Due to the physical trauma exerted during handling and the short acclimation 198 period (30 min) to the chamber, respiration rates reported in this study should be regarded as routine 199 metabolic rates. (Table 1) , population structure results derived from the samples were strikingly 241 different from each other. As shown in Fig. 1 , size and age frequency distribution of L. macrochirus 242 inhabiting a thermally impacted lake showed significant differences from those specimens living in non-243 impacted conditions (two-way ANOVA, P < 0.001). It is worth noting that no specimens older than two 244 years were found in Coffeen Lake, whereas specimens up to 5 years were commonly observed in Lake 245
Mattoon. In conjunction with total length (TL) and age, population differences were strikingly reflected in 246 mass differences between fish from both populations (two-way ANOVA, P < 0.001). The average mass in 247 Lake Mattoon was more than 6 times that of Coffeen Lake average. 248
In addition to differences in the age distribution within a given population, differences in size and mass 249 were found, particularly within age-2 fish (Fig. 2) . Average mass of age-2 L. macrochirus from Lake 250
Mattoon was found to be more than triple of the observed mass in Coffeen Lake specimens (Fig. 2b) . 251
Furthermore, we found a significant increase in total length of age-2 L. macrochirus from Lake Mattoon 252 ( Fig. 2a ; two-way ANOVA; P < 0.001). Although significant differences were found in age corrected size 253 between populations, there was a strong correlation (r 2 = 0.99) between mass at length in both populations 254 (Fig. 3) . 255 256 3.2 Critical thermal maxima. Tolerance towards increasing water temperature, after a 30 day acclimation 257 period at 17.5°C, was similar between both populations. Average CTM for both populations was 40.56 ± 258 0.29 °C (Table 2) . 259 260 3.3 Metabolism. Aerobic metabolism of L. macrochirus acclimated to 17.5°C and 30.0°C did not 261 significantly differ among treatments or locations. Acute response of oxygen consumption rate to a 10degree change in temperature (Q 10 ) was measured in Lake Mattoon specimens acclimated to 17.5°C, 263 which averaged to a Q 10 of 1.8 ± 0.04 (n = 3; ± SEM). 264 265 3.4 Enzyme activity. Key aerobic and glycolytic enzyme activities at a fixed temperature (25°C) were 266 determined for Lake Mattoon specimens acclimated to 17.5°C and 30.0°C. As shown in Table 4 , 267 regulation of CS is apparent between acclimation regimes, where cold-acclimated specimens exhibited 268 twice the activity at 25°C, if compared to CS values from warm-acclimated specimens. A calculated 269 enzyme activity derived using the mean Q 10 reported previously is reported for each acclimation 270 temperature. Citrate synthase activity indicates a regulatory response through the course of acclimation, 271
where cold-acclimated specimens expressed a higher CS activity than warm-acclimated specimens. 272
However, LDH activity results did not show evidence of such temperature-dependent regulation ( Table  273 4). 274 275
Discussion 276

Population structure: thermally impacted vs. non-impacted L. macrochirus. Thermal regimes of 277
habitats have profound implications in aquatic ectotherms, both in freshwater as well as saltwater 278 systems. We found both age-size and age-mass structures were significantly different between the 279 thermally altered Coffeen Lake and the undisturbed Lake Mattoon population, with a trend of a smaller, 280 younger population inhabiting Coffeen Lake (Fig.1) . From the temperature size rule perspective, which 281 postulates that elevated habitat temperatures favor growth in ectotherms (Atkinson et al., 1996) , results 282 obtained from Coffeen Lake are puzzling since no growth enhancement was observed at elevated 283 temperatures. Although this relationship has been confirmed and often generalized to many ectothermic 284 taxa this 'rule' should only be interpreted cautionary on a species-specific basis ( Angilletta and Dunham, 285
2003), as exemplified by our data. 286
Growth rates obtained for L. macrochirus inhabiting Lake Mattoon, showed a pronounced spike between 287 ages one and two (Fig. 2) . This spike in growth rate was not documented in Coffeen Lake specimens, 288 where growth rates were found to be rather constant between age classes 1 and 2. Werner and Hall (1988) 289 documented an ontogenic shift in the diet in L. macrochirus, where specimens 80 mm or larger shift from 290 feeding within vegetation to feed upon planktonic prey items. This shift towards open water feeding 291 coincides with the observed shift in growth rates between year one and two in Lake Mattoon specimens. 292
Moreover, this shift involves an additional energetic cost of locomotion associated with foraging as well 293 as predator avoidance, and our study suggest that Coffeen Lake specimens a) do not display a shift in prey 294 selection b) pelagic prey availability might be limited during the winter months or c) that the energetic 295 requirements of a warm thermal regime and additional foraging energetic requirements might balance out 296 the energetic benefit of the ontogenic diet shift observed in non-impacted populations. A study evaluating 297 all three aforementioned aspects is currently underway. 298
Thermal response at whole-organism and sub-cellular levels.
Oxygen consumption rates obtained forsame species (Pierce and Wissing, 1974; Schalles and Wissing, 1976) . Interestingly, Pierce and Wissing 301 (1974) reported temperature-dependent oxygen consumption rates that reflect a similar Q 10 as the acute 302 response we observed in our study. However, these differences in respiration rates with temperature were 303 not evident in the post-acclimation respiration rates obtained in our study, and may be attributed to 304 differences in the acclimation period between studies (14 days vs. 30 days). In addition, oxygen 305 consumption rates reported in our study are in the higher end of the range reported for L. macrochirus, 306 which could be attributed to the type of respirometric apparatus (continuous flow vs. closed system), 307
where our closed-chamber respirometric apparatus does not allow of a more extended chamber 308 acclimation period before the trial. Although no visible stress was observed for the specimens, handling 309 stress and a short chamber acclimation period could have masked subtle responses to the thermal regime. 310
Metabolic homeostasis observed in cross acclimated L. macrochirus involved a biochemical 311
reconfiguration that includes alterations in the abundance of key aerobic enzymes but not in the anaerobic 312 enzyme LDH (Table 4) . A quantitative strategy was adopted in the L. macrochirus specimens studied, 313
where metabolic control was modulated by regulating CS levels (Table 4) The uncoupling of mitochondrial respiration and ATP formation, either by uncoupling proteins or by 347 intrinsic membrane proton leakage, has been shown to act as a safety valve to reduce the formation of 348 reactive oxygen species (ROS), thus reducing oxidative stress. This "uncoupling to survive" strategyreduces overall ATP-production with only little impact on ROS production at elevated temperatures. 
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shown to increase after the first year in Lake Mattoon specimens (n = 285 -291, ± SEM). Statistically 533 significant differences within age classes are shown with an asterisk (*; two-way ANOVA; P < 0.001). . Calculated 574 activity at acclimation temperature was obtained using a Q 10 of 1.8, derived from respirometric 575 measurements (n = 4, ± SEM). 576 577
